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摘要 
近年来，海洋微型生物在物质地球生物化学循环中扮演的关键作用被越来越多
研究学者所关注。与此同时，由浮游植物异常增殖所造成的赤潮爆发现象在全球愈
演愈烈，成为一种海洋灾害极大地威胁了人类的经济活动与身体健康。而充分利用
自然环境中存在的菌藻互作关系进行赤潮的调控也成为近年来的研究热点。本研究
通过分离多种相关功能菌株，一方面探究菌藻关系的复杂性，另一方面深入挖掘微
生物对赤潮藻的拮抗机理，并进行了微生物赤潮调控剂产业化生产的尝试。主要研
究结果如下： 
1) 我们选取了海洋中广泛分布的细菌 Alteromonas 和微藻 Thalassiosira，从不
同的时间维度，不同的培养条件入手，对两者的相互作用进行全面的剖析。首先，
藻际细菌 Alteromonas sp. L15 不仅具有很强的降解利用有机物的能力，同时还能够
短时间内响应外界有机物，特别是 Thalassiosira pseudonana 分泌物的含量变化，通
过加强运动能力与趋化行为，增加对藻细胞的附着量。通过显微计数，我们发现细
菌的附着数与藻生长抑制率呈显著正相关。这种细菌对微藻的拮抗作用能否在长时
间跨度中持续与营养条件有关。当外界有机和无机营养有限时，细菌与硅藻都无法
充分生长，这时它们之间主要为互利共生关系并伴随着竞争，而在生长后期才会呈
现对微藻较不利的情形；当外界无机营养有限，而有机营养充足时，细菌的高活力
则会完全抑制硅藻的分裂；若外界有机营养有限，而无机营养充足时，情况完全相
反，细菌不仅促进了硅藻的生长，自身丰度还逐渐下降；而若有机和无机营养均充
足时，细菌一开始会完全抑制藻细胞的分裂，藻细胞变大，有利于细菌的附着生长，
但是当外界有机营养消耗到一定程度后，细菌的胁迫下降，藻细胞在外界充足无机
营养的帮助下恢复分裂生长，并且藻细胞变小，可能从而使细菌的附着变得困难。
这体现了菌藻互作的复杂性以及外界因素对这种复杂度的巨大影响。 
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2) 我们通过对杀藻细菌的分离、杀藻物质的鉴定和对杀藻机理的深入探究，深
化细菌对微藻拮抗作用的相关理论体系。从红树林沉积物中分离到对典型赤潮藻
Phaeocystis globosa 具有高效杀灭效果的菌株 Streptomyces alboflavus RPS。通过对杀
藻特性的初探及相关纯化鉴定工作，发现该菌是通过分泌一类大环内酯类抗生素—
—pamamycin 来实现杀藻效果。后续对杀藻机理进行研究，发现 pamamycin 可以瞬
间改变藻细胞膜的通透性，并对藻细胞的运动性产生很大影响。它还会对其它依赖
膜系统的代谢过程，比如光合作用进行严重的抑制，并可直接导致部分孱弱藻细胞
的死亡。而如果藻细胞在 pamamycin 胁迫前期存活下来，其光合系统可能在相关基
因（如 psbA）上调后进行一定程度的修复。但由于前期代谢受阻产生了过量 ROS，
超过抗氧化系统缓冲能力，细胞在高氧化压力下进一步受损，胞内呈空泡化，重要
基因的表达持续受抑制（如 rbcS），细胞最终裂解死亡。 
3) 我们通过一株特殊除藻菌，充分探索了通过微生物絮凝作用进行赤潮调控的
可能性。Streptomyces sp. MA4 的菌丝体可与 Phaeocystis globosa 及其它藻种进行机
械碰撞形成稳固的菌丝-藻细胞絮凝体，实现从水体中消除赤潮藻种或者收集经济藻
种的功能。但当藻细胞生活在无胁迫环境下时，絮凝效率相对较低。而当环境中存
在 MA4 分泌的杀藻物质或者藻际细菌，藻细胞在一定胁迫压力下运动能力降低或
开始形成一些小絮凝体时，MA4 菌丝体的结构特点会使絮凝率大大提升，在较短时
间内实现藻细胞的完全絮凝沉降。而且从水体中荧光溶解有机物含量的变化来看，
由于絮凝过程中藻生物量基本保持在一个水平（即没有明显生长也没有明显下降），
生物可利用有机物基本被菌丝体吸收转化为惰性有机物。考虑到藻细胞絮凝后也会
快速沉降，使用 MA4 处理后的由于赤潮爆发产生的大量有机物主要都快速转化为
海洋碳汇，可减少对原位生态系统的影响。 
4) 我们还对杀藻菌 RPS 实际应用中可能面临的问题进行了较为全面的测试，
以期能够实现其在赤潮现场调控中的运用。首先，我们通过构建室内 P. globosa 赤
潮微宇宙体系以及利用发光细菌法验证该菌的生态安全性，发现使用 RPS 杀藻粗提
物进行赤潮治理时，不仅不会对其它水生生物产生抑制效果，还能在一定程度上降
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低赤潮水体的毒性，实现对水体生态环境的修复。其次，我们还创新性地将均匀设
计法与人工神经网络耦合的遗传算法结合对 RPS 的发酵培养条件进行优化，并逐级
放大发酵规模。最后我们将菌体与发酵上清分离，一方面将低浓度的蔗糖与菌体混
合并冻干后，不仅能够一种得到杀藻效果显著的菌剂，还实现对杀藻菌的长期保藏；
另一方面使用壳聚糖-阿拉伯胶-海藻酸钠微球对发酵上清液中的杀藻物质进行固定
化处理，不仅借助缓释的方式提高了杀藻效率，还同样实现了杀藻物质在常温下的
保存。这些工作为杀藻菌的实际应用打下了坚实的基础。 
 
关键词：菌藻关系；杀藻细菌；赤潮调控 
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Abstract 
Recently, the key roles of marine microbes in the biogeochemical cycles have attracted 
more and more attention. Meanwhile, the “red tides” (harmful algal blooms, HABs) 
triggered by the abnormal proliferation of phytoplankton have occurred more and more 
frequently all around the world and severely threaten human activities. Therefore, taking 
the advantage of microbe-phytoplankton interactions to control the red tides has become a 
research hotspot. This study not only explored the complexity of microbe-phytoplankton 
interactions, but also digged into the antagonistic effect of bacteria upon the harmful algae 
in order to try to develop practical HAB-control agents.  
1) We fully explored the interactions between the ubiquitous marine bacterium 
Alteromonas and diatom Thalassiosira throught different time scales and incubation 
conditions. Alteromonas sp. L15 could not only degrade multiple substrates, but also 
respond to the change of the concentration of ambient organics, especially the secretion of 
Thalassiosira pseudonana. The bacteria increased the swimming velocity and showed 
chemotaxis and attachment towards the diatom cells, which was positively correlated with 
the inhibition of algal growth. But the last of the antagonistic effect depended on the 
nutritional conditions. When it was oligotrophic, the growth of both bacteria and diatoms 
was limited so that mutalism was the main theme with minor competition. The situation 
became unfavorable for the diatom at the late growth phase, which, however, was greatly 
amplified when the orgnic nutrient was efficient and bacteria were fully activated. It would 
also turn to the opposite when the inorganic nutrient was efficient and organic was limited. 
The bacteria, of which abundance decreased, promoted the growth of diatom. When both 
organic and inorganic nutrient was efficient, the bacteria would inhibit the cell division of 
diatom, which enlonged the diatom cells and might benefit the bacterial attachment. Once 
the organics were depleted and the stress caused by the bacteria declined, the diatom cells 
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recovered their growth with the stimulation of ambient inorganic nutrients. The cell size of 
diatom even became smaller, which might the defense mechanism that prevented the 
bacterial attachment. This study showed the complexity of bacteria-phytoplankton 
interactions and the great influence of environmental factors.  
2) We improved theoretical system of the antagonistic effect of bacteria on harmful algae 
through the isolation of algicidal bacteria, identification of algicidal compounds and 
exploration of algicidal mechanism. Streptomyces alboflavus RPS, a highly effective 
algicidal strain against Phaeocystis globosa, was isolated from the mangrove sediments. 
Further studies revealed that RPS killed the algae by releasing algicidal compounds, which 
belong to a class of macrolide antibiotics, pamamycin. Subsequent study on the algicidal 
mechanism showed that pamamycin could instantly change the permeability of algal cell 
membrane, and have a great impact on the movement of algae cells. It would also severely 
inhibit the other metabolic reactions relied on the membrane system, such as 
photosynthesis. These stresses might directly lead to the death of some weak algal cells. If 
the algal cells survived, the photosynthetic system could be repaired with the relevant genes 
(such as psbA) were up-regulated. However, due to early metabolic obstruction would 
produce excessive ROS, which was beyond the buffering capacity of antioxidants, the cells 
were constantly damaged under high oxidative stress, causing intracellular vacuolization, 
persistent inhibition of some key genes (such as rbcS), and the algal cells eventually died.  
3) We have fully explored the possibility of controlling red tides by microbial flocculation 
through a special bacterim. The mycelia of Streptomyces sp. MA4 could mechanically 
collide with Phaeocystis globosa and other algal cells to form some stable mycelia-algae 
aggregates, which could eventually remove the harmful algal cells from the water or collect 
the economic algae. However, when algal cells lived in a stressless environment, the 
flocculation rate was relatively low. When the algal cells were stressed by the MA4 
algicidal compounds or the phycosphere bacteria, algal cells would swim slower or start to 
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form some small aggregates. In this case, the characteristics of MA4 mycelia would greatly 
enhance the flocculation rate and removal the algal cells in a relatively short time. 
Moreover, based on the change of dissolved organic matter in the water, bio-labile organic 
matter was mainly assimulated by the mycelia and turned into refractory organic matter, 
which was not surprised because the algal biomass kept at a same level (that is, no obvious 
growth nor obvious decline). Considering the rapid settling of algal cells after flocculation 
after the MA4 treatment, the large amount of organic matter produced during the red tide 
was mainly converted into marine carbon sinks, which could reduce the impact on the in 
situ ecosystem. 
4) We also comprehensively tested on the possible problems in the practical application 
of algicidal bacterium RPS. Firstly, we used the indoor P. globosa microcosm and Microtox 
to verify the ecological safety of RPS. It seemed that the treatment of RPS algicidal extract, 
would not only be ineffective on the other aquatic organisms, but also to a certain extent, 
reduce the toxicity of red tide water, which achieved the recovery of ecosystem. Secondly, 
we also innovatively combined the uniform design with the artificial neural network 
coupled genetic algorithm to optimize the fermentation conditions of RPS, and expanded 
the fermentation gradually. Finally, we separated the mycelia from the fermentation 
supernatant. The mycelia were mixed with low concentration of sucrose and freeze-dried, 
which not only became an efficient agent against the algae, but also could preserve the 
algicidal bacteria; On the other hand, chitosan-acacia-sodium alginate microspheres were 
used to immobilize the algicidal extract from fermentation supernatant. As a result, the 
algicidal activity was enhanced and the algicidal compounds could be stored at room 
temperature. These were good references for the practical application of algicical bacteria. 
 
Key words: bacteria-phytoplankton interaction; algicidal bacteria; HAB controls
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第一章 前言 
1 海洋中的浮游植物与微生物 
1.1 浮游植物在海洋生态系统中的地位 
占据地球表面面积 71%的海洋，栖息着大到鲸鱼，小到病毒的各种生物。这些
海洋生物的生长、繁殖与死亡，伴随着复杂多变的水文条件，使海洋成为地球上最
重要的能量流动与物质循环中心。了解这些海洋生物之间的相互联系，探索它们在
食物网中的地位与作用，是研究海洋生态系统所必不可缺的。浮游植物，是海洋中
最主要的初级生产者之一。目前已知的海洋浮游植物约 5000 种左右[1]，在全球海洋
中广泛分布。从温暖的赤道到酷寒的两极，从富营养化的沿岸到相对贫瘠的远洋，
从有丰富淡水汇入的波罗的海到蒸发量巨大的红海，均有不同种类的浮游植物生活
于海水的真光层中，为生态系统的运转提供重要的物质基础。 
海洋浮游植物总生物量中仅含 10 亿吨左右有机碳，可每年却通过光合作用固
定了 450~500 亿吨的有机碳[2]。这些有机碳中的一部分从浮游动物的摄食开始，直
接由经典的海洋食物链进入更高营养级生物，一部分随着死亡的浮游植物细胞快速
沉降进入海洋碳汇，而一部分则进入由异养微生物构成的微食物环[3, 4]，经过复杂的
二次代谢与物质循环过程，再被更高营养级生物利用，或者成为惰性有机物[5]，同
样进入海洋碳汇中（图 1.1）。因此，浮游植物通过始于它们的有机碳流，直接或间
接地影响了几乎所有的海洋生物，对海洋生态系统中的物质循环与能量流动有着决
定性的作用。甚至，源于浮游植物的二甲基硫（DMS）在逸散入大气中后，经氧化
并形成气溶胶后，增加了水汽凝结核（cloud-condensation nuclei），从而影响云层的
形成，提高云层对太阳光的反射率，最终影响全球气候[6]。 
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图 1.1 海洋生态系统中的微生物物质循环[4] 
Fig 1.1 Microbial material cycle of marine ecosystem[4] 
 
1.1.1 赤潮形成 
虽然浮游植物在海洋中扮演了如此重要的角色，为几乎所有海洋生物的生长提
供了物质基础，但是它们真正引起社会大众广泛关注时，却是其造成严重海洋灾害
——赤潮的时候。赤潮本是一种正常的海洋中的现象，自然条件下当不停变化中的
水文、营养等因素有利于海水中某些浮游植物的生长时，这些浮游植物便会大量繁
殖，而当其密度超过一定的阈值时，就会引起海水的明显变色，称为赤潮（red 
tides）[7, 8]。然而，社会经济的发展与人类活动的加剧对海洋自然环境造成了巨大
的负面影响，特别是在沿岸海域，随之而来的便是逐渐频发的赤潮事件，赤潮影响
面积也越来越广。以中国为例，虽然近年来海水质量总体较好，但是近岸局部海域
污染状况依旧严重，我国海域赤潮爆发次数与累计面积居高不下，受灾程度起起伏
伏[9]（图 1.2）。2016 年共发现赤潮 68 次，影响面积约 7484 平方公里，其中引发
赤潮的优势种高达 28 种，还第一次在我国记录了伊姆裸甲藻赤潮的爆发（图
1.3）。因此，在这种严峻的赤潮灾害形势下，需要大众提高对赤潮的理解，加强污
染管控意识，密切监测赤潮爆发的情况，甚至寻找有效的方法进行干预治理。 
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图 1.2 2012~2016 年我国海域发现的赤潮次数与累计面积[9] 
Fig 1.2 The frequency and area of red tides occurred in coastal area of China 
between 2012 and 2016[9] 
 
 
图 1.3 2016 年我国海域中发现的赤潮种类及其发生区域[9] 
Fig 1.3 The harmful algal species and their bloom area found in coastal area of 
China in 2016[9] 
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